A formulation has been developed for a glass-fibrefilled moulding compound based on a composite of unsaturated polyester resin and α,ω-bis(vinyldimethyl) polydimethylsiloxane, articles of which possess increased surface water repellency. In the course of tracking and erosion resistance tests after surface hydrophilisation, it was shown that the developed materials possess properties of self-recovery of water repellency.
INTrODuCTION
The scales of application of structural polymer composites are governed in many ways by the use of technologies making possible the standard production of articles using high-throughput automated processes. In particular, these technologies include the use of compounds suitable for application in the moulding of sheet materials -sheet moulding compounds (SMCs) -and in processes of the manufacture of articles by injection moulding -bulk moulding compounds. These technologies have been widely used owing to the possibility of manufacturing articles with high strength characteristics (cross-breaking strength 80-120 MPa, impact strength 30-45 kJ/m 2 ), a short curing time (3-5 min) , and low cost [1, 2] .
Such processes are used to produce composite articles from moulding compounds that are suitable for fairly long storage without loss of characteristics and comprising a system containing a filler (e.g. comminuted glass fibre), a binder (unsaturated polyester), a curing agent (most often a peroxide), and additional process additives. In the curing of a compound with the participation of a peroxide that decomposes when heated, process additives control the decomposition rate of the initiator, compensate for shrinkage of the article during moulding, and ensure ease of removal of the article from the casting mould or from the mould for sheet moulding.
For electrical engineering articles, e.g. suspension stick insulators (GOST 28856-90), manufactured from polymer composites, important process additives are organosilicon polymers giving surface water repellency to articles, which determines good operation of these articles under extreme conditions [3] [4] [5] . Although the surface of articles manufactured from composites based on unsaturated polyesters possesses a certain level of water repellency, surfaces containing modifying polysiloxane oligomers are characterised by long retention of water repellency even in the case of strong fouling. Here, in extreme cases with fouling and moistening, loss of water repellency of such surfaces is observed only temporarily.
In this work an examination is made of the properties of articles based on a composite containing an unsaturated polyester resin and α,ω-bis(vinyldimethyl) polydimethylsiloxane, giving articles the necessary water repellency and basically capable during curing of entering into a copolymerisation reaction with the binder. Furthermore, an investigation was made of the effect on the properties of the formed articles of introducing into the system thickeners increasing the molecular weight of the binder. In the work, as thickeners we used magnesium oxide, capable of forming intermolecular salt fragments with the participation of carboxyl groups of the polyester, and diphenylmethane-4,4′-diisocyanate, which interacts with the hydroxyl groups contained in the system.
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The preparation and curing of composites
Samples of unsaturated polyester resin Distitron 275 (1 g), styrene (0.4 g), and polysiloxane oligomer (0.2 g) were mixed in a mass ratio of 100:40:20 and subjected to ultrasound treatment on a Sapfir UZV-26 instrument until complete combination of the components. Then, 2 mass parts curing agent Trigonox C (0.017 g) was introduced into the system, the mixture was again subjected to ultrasound treatment for 5 min, and the composite was transferred into a silicone mould. The specimens were cured in an LOIP LF oven in the following regime: 1 h at 70°C, 3 h at 100°C [5] .
In composites containing a thickener, the mass ratio of components was as follows:
Polyester resin Distitron 275 100 Styrene 10 Resin α,ω-bis(vinyldimethyl)polydimethylsiloxane 20 Thickener (MDI or Luvatol MK 35) [4] [5] [6] [7] [8] In the manufacture of composites with a thickener, the necessary amounts of styrene and thickener were mixed in a beaker and subjected to ultrasound treatment on a Sapfir UZV-26 instrument until the production of a homogeneous mixture over the course of 30 min. After this, the polyester resin and silicone resin were added. The obtained mixture was vacuum treated using a membrane pump until gas bubbles ceased to be formed, and heated for at least 15 min at the prescribed temperature. Then at least three viscosity measurements were carried out at each temperature.
The viscosity of the composites of polyester resin and silicone oligomers was studied using a Brookfield CAP 2000+L viscometer and an LOIP LT200 oven.
Calorimetric measurements and curing
After mixing of all the reagents for measuring viscosity, and also after the end of measurements, to the resin was added curing agent Trigonox C at a rate of 2 parts per 100 parts Distitron 275. Then, from each mixture, three specimens weighing 10-15 mg were taken in non-hermetic aluminium crucibles for measurement on a differential scanning calorimeter. Measurements were carried out 3 times in the temperature range 20-200°C.
Production of specimens by injection moulding
Based on the developed composites, specimens were obtained by bulk moulding compound technology: in a two-blade mixer with Z-shaped blades were placed unsaturated polyester resin, α,ω-bis(vinyldimethyl) polydimethylsiloxane, organic peroxide, thickener, and microcalcite, and stirring was carried out for 20 min. Then, chopped glass fibre was added, and stirring was continued for a further 10 min. The obtained compound was held for 48 h at 30°C.
At the end of thickening, samples of the compound were processed into flat sheets by compression moulding in heated steel compression moulds. The moulding pressure was 100 bar, the temperature was 151°C, and the curing time was 3 min. Sheets were obtained in the form of round sheets (discs) of 100 mm diameter and 2.7 mm thickness.
The obtained rigid specimens with a smooth lustrous surface had a light-blue colour with a dark 'marble' pattern. The material was readily machined by drilling and sawing with dust formation. The fracture had a complex shape indicating the inhomogeneous structure of the material.
DSC measurements
DSC measurements were conducted on a Netzsch DSC 204 F1 Phoenix instrument in non-hermetic aluminium crucibles in an argon flow at a rate of 5°C/min. Viscosity was measured on a Brookfield CAP 2000+L viscometer with a cone-plate system.
Wetting angle measurements
To measure the wetting angle, use was made of photomicrography of drops of water on the surface of specimens obtained after moulding and not subjected to any pretreatment. One specimen of each type of material was investigated before and after tracking and erosion resistance tests.
Tracking and erosion resistance tests
Specimens were tested without any pretreatment. In the course of tests of specimens, after the first 30 min, a break of 48 h was made to monitor the surface state. The test chamber for tracking and erosion resistance tests was equipped with a high-voltage lead and devices for the creation in the working volume of the chamber of a conductive fog atmosphere. In the investigation, a chamber in which the distance from the testpiece to the walls amounted to at least half the length of the insulator, but not less than 1.2 m, was used.
In the tests, a specimen was used for which, on surges in leakage current in a steady-state test regime, the reduction in voltage on the material was no greater than 10%. Tests with steep-wave-front pulses were conducted without screening. In the process of testing, a voltage was applied to the specimen that, for 'phaseearth' constructions, was equal to 1.1 w.v , where w.v is the greatest working voltage of the transmission line for which the insulator was designed [4] .
Specimens were assumed to have withstood the test if, in a steady-state test regime, two or more flashovers did not occur after six cycles, and no critical damage was found on the surface of the specimens. This signified that in the specimens there had been no conductive runs equal to or over a third of the geometric length of the leakage path, and no erosion craters, channels, or cracks of over 30% of the minimum thickness of the polymer coating. Specimens with the required properties were held without breakdown for 25 pulses with a steep front of positive or negative polarity.
rESuLTS aND DISCuSSION
Investigations were conducted on specimens manufactured from a composite consisting of polymer components -low-molecular-weight polyester resin (containing units of maleic acid) and α,ω-bis(vinyldimethyl) polydimethylsiloxane -capable of entering into copolymerisation with the participation of unsaturated groups of the polyester chain [5] .
Furthermore, into the composite were introduced glass fibre and disperse filler (microcalcite) ensuring more effective filling of the mould during compression moulding. To prevent phase separation after processing, into the composite were introduced thickeners entering into chemical reactions with residual carboxyl and hydroxyl groups of the polyester in the process of preparation and storage before moulding. The introduced chemical thickeners made it possible to increase the viscosity of the binder after the impregnation of glass fibre by several orders, which improved the processability of the compound, increased its storage time, and ensured effective distribution of glass fibre throughout the volume of the article in the course of processing.
In form of a paste) . Oxides and hydroxides of group IIA metals, widely used as thickeners, are introduced into the paste (in the form of a dry fibre or already dispersed in the resin to improve homogenisation) in a concentration of 0.5-3% in terms of the resin. Here, the viscosity of the binder increases roughly by 3-4 orders of magnitude within 1-10 days, and then plateaus out, in the course of which the viscosity increases slightly, and both treatment and moulding become possible [6, 7] . In this case, magnesium oxide formed intermolecular salt fragments with the participation of carboxyl groups of the polyester [8] .
In the reaction of MDI with terminal hydroxyl groups of low-molecular-weight polyester there was an increase in its molecular weight with the formation in the chain of carbamate groups [9, 10] . By comparison with magnesium oxide, the use of diisocyanate makes it possible to reduce the thickening time (to a few hours), and to improve the reproducibility of the results. Nevertheless, in this case an increase in the temperature of the thickened composite leads to a certain reduction in the viscosity of the composite [10] .
CurING OF POLyESTEr rESIN aND POLySILOXaNE OLIGOmEr
In order to investigate the process of interaction of the polyester binder and the polysiloxane modifying additive, experiments were conducted to study the temperature regime and heat effects during the curing of composites, including by the method of differential scanning calorimetry.
During curing, composites containing polyester resin and polysiloxane oligomer were heated in an oven in an air atmosphere. During heating of the reaction mixture, a gradual cooling of the system was observed. Here, the product comprised a solid mass of cured polyester resin with macroscopic embedments (10-1000 µm) of polysiloxane oligomer not entering into the reaction.
THICKENING OF COmPOSITES
It was assumed that phase separation of the system is connected in some measure with its low viscosity. To increase the viscosity, into the composite an inorganic thickener was introduced -a bivalent metal oxide capable of yielding intermolecular salt fragments with the participation of carboxyl groups of the polyester (magnesium oxide) and a diisocyanate reacting with groups containing a mobile hydrogen atom, in the given case terminal carboxyl and hydroxyl groups of the polyester (diphenyl-methane-4,4′-diisocyanate (MDI)).
Here, two specimens were manufactured: containing 8 wt% MDI (specimen 2) and containing 4 wt% MgO (specimen 3). A specimen not containing thickener (specimen 1) was used as the control.
The amounts of thickeners were such that the final viscosities of composites thickened with additives of different nature were similar.
It was shown that the optimum ratios of polyester resin to thickener MDI, with which it is possible to avoid separation of the fibrous filler during moulding of the end products, amounts to 100:8 respectively. With such quantities, it is possible to achieve the high viscosity values needed (of the order of 1 × 10 6 mPa s). When magnesium oxide is used, the required quantity amounts to 4 mass parts per 100 parts resin, which corresponds to a final viscosity of the thickened composite of the order of 88 × 10 3 mPa s.
After the viscosity values of composites with MgO and MDI had plateaued out, experiments on the curing of composites were carried out repeatedly. Thickened specimens were transferred into silicone moulds and subjected to temperature treatment in a furnace. Micrographs of the obtained composites are given in Figure 2 .
In a microscopic study of the cured composites, it was found that in specimen 2 there were drops of silicone oligomer, while the specimen containing MgO, after thickening, comprised a homogeneous mass in which, at the selected magnification, embedments of heterophase were not observed.
Thus, in spite of the same high viscosity, the composites behaved in different ways, depending on the type of chemical thickener. It was assumed that the best compatibility of the system in the case of magnesium oxide was connected not only with the formation of intermolecular salt with the participation of the polyester but also with coordination of a magnesium atom with an oxygen atom of the polysiloxane oligomer chain. 
CaLOrImETrIC mEaSurEmENTS
To study the process of curing, additional calorimetric measurements were conducted on a differential scanning calorimeter of both thickened and unthickened specimens containing different types of thickener. The measurement results are given in Table 1 .
When the data of calorimetric measurements for thickened composites containing isocyanate and magnesium oxide are compared, it can be noted that the heat of the curing process for specimen MgO_b exceeds the corresponding magnitude for specimen MDI_b by a magnitude close to 50 J/g. This is most likely due to the fact that, in the case of a specimen with MgO, in the process of curing, more components are involved on account of the combined curing of polyester resin and polysiloxane oligomer. In a specimen with magnesium oxide, the start of the curing reaction is observed at a temperature of 100°C, whereas in the specimen with MDI the process begins at 105°C, which is an additional indication that, in the case of different thickeners, curing processes proceed by different mechanisms.
As noted earlier, the viscosity of the prepreg when thickener is added increases roughly by 3-4 orders of magnitude over a fairly long period of time, and then plateaus out. For more accurate characterisation of the composites, experiments were conducted on the curing of unthickened specimens at the initial moment after the addition of thickener, and also of a specimen of polyester resin and polysiloxane oligomer without a thickening agent. These dependences are given in Figure 5 .
As can be seen, the start of the curing process in the specimen without thickener and in the presence of MDI_a practically coincided (104 and 106°C respectively). On the other hand, the curing process in a specimen containing MgO_a began slightly later -at 112°C. The heat of the reaction for a specimen containing MDI coincided with the heat for a specimen without thickener based on polyester resin and silicone. The heat of curing for the MgO_a specimen was slightly higher and amounted to 217 J/g. Thus, when the three specimens are compared, calorimetric measurements show that the heats of the curing reactions and also the temperatures of the start of the process coincide for a specimen with MDI and for a specimen without thickener, whereas in the study of a specimen with magnesium oxide, both thickened and at the initial moment after the introduction of thickener, the temperature of the start of the curing reaction was higher, as was the enthalpy of the reaction. These data confirm the assumption that, in the case of magnesium oxide, the curing reaction proceeds by a different mechanism and involves a greater amount of components, i.e. the polysiloxane oligomer is cured jointly with the polyester resin with the formation of a copolymer.
STuDy OF PrODuCT WaTEr rEPELLENCy
It was shown that the use of magnesium oxide as thickener promotes the combined curing of polyester resin and polysiloxane oligomer. For subsequent study of the water repellency of end products, 'premix'-type bulk moulding compounds were manufactured, with different contents of the polysiloxane component:
Specimen number
Polyester resin:polysiloxane oligomer Specimen 4 100:0 Specimen 5 100:10 Specimen 6 100:20
CONDuCTING TraCKING aND ErOSION rESISTaNCE TESTS
Tests were conducted on three specimens -4, 5, and 6. Specimens were tested without any pretreatment. In the course of tests on specimens 4, 5, and 6, after the first 30 min, a break of 48 h was made to monitor the surface state. The appearance of these specimens after 30 min testing is shown in Figure 6 .
After the first tests (24 h after the end of measurements), an analysis was made of surface water repellency (see below). After the break, tracking and erosion resistance tests were continued. The appearance of specimens 1 and 2 in the process of tests is shown in Figure 7 . The appearance of the specimens after tests is shown in Figure 8 .
On all three specimens, after surface fracture tests, minimal rough traces remained at the point of action of the electric arc. The materials meet the GOST 27474-83, class 4.5 kV, requirements.
In the course of the tests it was observed that, on specimen 4 not containing a polysiloxane component, the region of electric arc existence was greater than on specimens 5 and 6. Accordingly, the arc-treated surface area on specimen 1 was greater than on specimens with a polysiloxane oligomer, as can be seen in Figures 6 to  8 . This indicates a higher resistance of water-repellent properties to the destructive action of the electric arc and the chemically active reagents arising in it.
Measurement of the wetting angles was conducted for specimens 4 to 6, as noted, containing and not containing a polysiloxane component, before and after tracking and erosion resistance tests. Table 2 gives wetting angle values measured in the process of tests.
In the processing of the results of measurements, of the ten wetting angle values obtained for each material, the five lower values are discarded, and the five greater values are averaged. As an estimate of the wetting angle, Table 2 gives not only the maximum of the measured values but also the result of averaging the five greater values.
As can be seen from Table 2 , on the surface of specimens with a polysiloxane oligomer, the wetting angles are greater than on specimen 4 and reach 105-110° before exposure to voltage.
After electric arc treatment of the surface for 30 min, on all specimens the wetting angles decreased to 5-10°, i.e. the level of surface water repellency decreased. However, after holding for 24 h in air, wetting angles on specimens 5 and 6 (containing a polysiloxane component) practically recovered to their previous high level (of the order of 100°), while on specimen 4 the wetting angle remained very small. Photographs of drops on specimens 4 to 6, taken after 24 h, after tracking and erosion resistance tests, are shown in Figure 9 .
In specimen 4, drops spread over the surface at electric-arc-treated points, while in specimens 5 and 6 the water repellency at electric-arc-treated points recovered entirely.
Thus, in degree of wetting angle recovery, specimens 5 and 6 are significantly superior to specimen 4, which can be due only to the presence in its composition of the polysiloxane oligomer.
CONCLuSIONS
In this work, a formulation has been developed for a composite based on unsaturated polyester resin and α,ω-bis(vinylmethyl)polydimethylsiloxane possessing the necessary water repellency properties. 
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It was shown that the introduction into the composite of magnesium oxide increases the compatibility of the components of the system. Products manufactured from the developed formulation by compression moulding are not only water repellent but also more resistant in relation to the destructive action of an electric arc and the chemically active reagents arising in it. Composites containing polysiloxane oligomer possess wetting angle values 6-15% greater than those of material of similar composition without polysiloxane oligomer.
After tracking and erosion resistance tests, the surfaces of the material lost their water repellency properties and became hydrophilic. Nonetheless, after 24 h, in composites containing polysiloxane modifier, the value of the wetting angle recovered to its former values, and thus it was shown that the obtained materials possess the properties of self-recovery of water repellency.
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